The newly discovered topological Dirac semimetals host the possibilities of various topological phase transitions through the control of spin-orbit coupling as well as symmetries and dimensionalities. Here, we report a magnetotransport study of high-mobility (Cd 1−x Zn x ) 3 As 2 films, where the topological Dirac semimetal phase can be turned into a trivial insulator via chemical substitution.
Topological Dirac semimetal (DSM), where pairs of three-dimensional band touching points (Dirac points) are stabilized by band inversion and rotational symmetry [1] , has been the first gapless yet topological system experimentally found in solids. This topological phase, realized in such compounds as Cd 3 As 2 [2-4] and Na 3 Bi [5, 6] , can be regarded as an intermediate state adjacent to other exotic topological phases, and thus it serves as a useful platform for pursuing topological phase transitions [2, 5, 7] . Tuning the dimensionality to realize two-dimensional quantized conduction in Cd 3 As 2 thin films [7] is one example. Another possible way for driving phase transitions is to control the strength of spin-orbit coupling (SOC) to modulate the band topology. While the effectiveness of the SOC modulation in controlling the topological phases has been demonstrated in topological insulators such as Bi 1−x Sb x [8] and BiTl(S 1−x Se x ) 2 [9] , the tunability of the band structure through SOC is of crucial importance especially in DSM because its topological nature directly originates from the three-dimensional Dirac points (i.e., magnetic monopoles). In addition to the topological phase transitions [5] , shifts of the monopoles in the momentum space can also lead to a modulation of topological transport phenomena in DSM [10] [11] [12] [13] [14] [15] [16] [17] , providing more degrees of freedom for investigating and controlling DSM.
For the DSM compound Cd 3 As 2 , this approach is possible by the chemical substitution of Zn at the Cd site. Zn 3 As 2 , which forms a complete solid solution with Cd 3 As 2 [18] , is a trivial p-type semiconductor with an ordinary band ordering. Doping Zn can lift the band inversion in Cd 3 As 2 , leading to a transition from DSM to a trivial insulator [19, 20] .
One of the transport properties of particular interest in such a topological phase transition is negative magnetoresistance (MR) induced by the so-called chiral anomaly [21] [22] [23] . In a three-dimensional gapless system, the lowest Landau levels (LLLs) form one-dimensional zero modes along the direction of the applied magnetic field B. In the presence of electric field E, the LLL pumps charges from one valley into another valley with opposite chirality χ (= ±1) at the rate of χ e 2 4π 2 2 (E · B). Here, e is the elementary charge and is the Plank constant divided by 2π. The charge pumping between the valleys leads to the emergence also by other extrinsic origins such as the current jetting effect [24] , leaving the interpretation of the observed negative MR difficult and elusive. From this viewpoint, it is highly meaningful to investigate the magnetotransport through the topological phase transition process of the (Cd 1−x Zn x ) 3 As 2 alloy system. Since the origin of the chiral anomaly in DSM lies on the existence of the three-dimensional Dirac points, this characteristic electromagnetic effect is expected to exhibit a clear response to the phase transition. As depicted in Fig. 1 , the charge pumping under E parallel to B condition is practically governed by the backscattering time τ v between the two valleys [22, 23] . Therefore, as the distance between the valleys is reduced with approaching the phase transition, the charge pumping is suppressed due to increased inter-valley scattering.
In this work, we study the magnetotransport of (Cd 1−x Zn x ) 3 As 2 thin films at high fields, to capture the transport manifestation of the expected topological phase transition process.
We demonstrate that the negative MR observed in the DSM phase of Cd 3 As 2 exhibits a clear suppression upon Zn doping, suggesting that the DSM phase is successfully modulated through the topological phase transition which is induced by controlling the SOC strength.
(Cd 1−x Zn x ) 3 As 2 thin films with a Zn concentration x ranging from 0 to 0.21 were fabricated on SrTiO 3 (100) substrates by a combination of pulsed laser deposition and thermal treatment, following the same procedure described in Ref. [7, 25] . Cd 3 As 2 and Zn 3 As 2 layers with appropriate thickness ratios are first deposited, which are then covered by MgO and Si 3 N 4 capping layers and annealed at 600 C
• . The annealing process promotes the crystallization as well as the formation of a solid solution of the two arsenide layers ( Fig. 2(a) ). (Cd 1−x Zn x ) 3 As 2 , the lattice parameters are known to follow Vegard's law [18, 20] . Thus, the
Zn concentration x can be estimated from the lattice constant. • rotated with respect to the SrTiO 3 (100) plane [7, 25] . The typical domain size is over 10 µm which is comparable to the channel size of 60 µm [7, 25] . The films are designed to be thick enough (85 ∼ 100 nm)
to maintain the three-dimensional Fermi surface.
Making a solid solution with p-type Zn 3 As 2 causes not only the modulation of SOC strength, but also the compensation of the defect-induced electron density in Cd 3 As 2 . While all the samples exhibit a metallic behavior in the temperature dependence of the resistivity (Fig. 2(d) ), the electron density is systematically suppressed by Zn doping as shown in Fig. 2(e). The mobility is kept over 10 4 cm 2 /Vs ( Fig. 2(f) ), which is similar to those found in (Cd 1−x Zn x ) 3 As 2 bulk single crystals reported in Ref. [20] .
All the transport properties were measured using the samples patterned into a Hall-bar shape (the inset of Fig. 2(e) ). In this way, we have carefully avoided inhomogeneous current flow in order to exclude the current-jetting effect [24] on the MR measurements.
MR of the (Cd 1−x Zn x ) 3 As 2 thin films was measured under magnetic fields up to 55 T. While appearance of negative MR in topological Dirac semimetals including Cd 3 As 2 has been reported in previous studies [10] [11] [12] [13] 28] , it requires careful assessments to identify the underlying origins. Aside from the current jetting effect [24] which we have carefully avoided by the Hall-bar measurements, there are many other origins that may cause appearance of the negative MR; namely classical size effect [26, 27] , conductivity fluctuation [28] , and gapclosing of LLLs in band-inverted materials [29] . Below we discuss these scenarios to show that they can be excluded from the possible origins of the negative NR observed in the
The first is the classical size effect which often appears in nano-strcuture samples [26, 27] .
When the mean free path l e of charge carries is limited by the channel width W , the zerofield resistivity increases by a certain factor (∆ρ ∼ le 2W ρ 0 ) from the original bulk value ρ 0 due to back-scattering at the channel boundary [26] . Under magnetic fields, the boundary scatterings are then suppressed in the presence of the cyclotron motion of charge carriers, leading to the decrease of the resistivity. In our film samples, the mean free path (l e = 50 ∼ 100 nm) is comparable to the film thickness and the negative MR due to the size effect is indeed observed especially when the in-plane transverse MR is measured as shown in Fig. 3(b) (see also the Supplemental Material [30] ). However, such an effect becomes saturated at the field where the cyclotron diameter becomes smaller than the film thickness and thus it is limited to low fields (the shaded region in Fig. 3 (b) and 3(c)) [26, 27, 30] . The observed negative MR in the Cd 3 As 2 film, on the other hand, persists even up to the field where quantum oscillations are well developed (Fig. 3(c) ), indicating that the negative component at such a high field cannot be explained by the classical size effect.
The second possible scenario is the conductivity fluctuation effect. It has been discussed that spatial inhomogeneity in samples can cause distorted current path even in a Hallbar geometry, leading to the negative MR similar to the current jetting effect [28] . To demonstrate that this scenario does not apply to our case, we next present the Zn doping effect on the appearance of the negative MR.
When the Zn concentration x is increased, the MR of (Cd 1−x Zn x ) 3 As 2 exhibits mainly two features (Figs. 4(a) and 4(b)). One is that the negative MR is suppressed gradually as x is increased in fields before the system reaches N = 1, where N is the Landau index.
Another feature is that a linear increase of MR appears around the field where N = 1 is realized. The positive component in high fields seems to be related to the spin-splitting of the Landau levels as discussed later. The observed suppression of the negative MR upon
Zn doping is an important indication that the negative MR reflects the change of the band structure but not disorders in the samples. It is naturally expected that the Zn doping causes increasing disorders and inhomogeneity by partially replacing the Cd atoms in the lattice.
The negative MR should be enhanced if the conductivity fluctuation due to disorders is the main origin.
Lastly, the gap-closing mechanism of LLLs in band-inverted materials such as topological crystalline insulator (Pb 1−x Sn x )Se has been recently reported to cause negative MR in the quantum limit [29] . This has been attributed to the enhancement in the Fermi velocity around the fields where the inverted LLLs of conduction and valence bands close the energy gap. While (Cd 1−x Zn x ) 3 As 2 also has the band inverted nature as DSM, we note that the observed behavior of MR in the (Cd 1−x Zn x ) 3 As 2 thin films is qualitatively different from the (Pb 1−x Sn x )Se case. According to the gap-closing scenario, the MR should be positive for lower fields and then become negative only in a certain range in the quantum limit. On the other hand, in the (Cd 1−x Zn x ) 3 As 2 thin films, the negative MR is observed rather before For a more quantitative evaluation of the Zn doping effect on the negative MR, we have adopted magneto-conductivity formula of the chiral anomaly derived in the semiclassical limit [23] . The chiral-anomaly-induced conductivity was originally proposed to be proportional to the field B, reflecting the field dependence of the density of states of LLLs (∝ eB/ ) [21] . In the diffusive limit, the field dependences of the scattering time τ and Fermi velocity v F need to be taken into account [22, 33, 34] , which modify the dependence as quadratic to B when the inter-valley scattering is assumed as the dominant scattering process [22, 33] .
The same field dependence can be also derived by incorporating the Berry curvature effect in the semiclassical transport equation, where the longitudinal magneto-conductivity can be
2 (E F is the Fermi energy) [23] . The coefficient of the quadratic term allows an estimate of the inter-valley scattering time τ v or the relaxation time of the pumped charge.
In Fig. 5 , we present the variation of the transport properties depending on the Zn concentration x. τ v is estimated by a parabolic fitting to the magnetoconductivity as shown in Fig. 3(c) and the Supplemental Material [30] , while the quantum scattering time τ q , the effective mass m * , and the Fermi velocity v F are extracted from the quantum oscillations using the conventional Dingle expression (see [30] for details).
The Early magneto-optical experiments and theoretical studies [19] have reported that the energy gap of (Cd 1−x Zn x ) 3 As 2 varies linearly with x (Fig. 1) , and accordingly, the critical composition x c where the band inversion disappears is estimated to be around 0.17. In recent transport measurements on bulk single crystals [20] , it was estimated to take place around x = 0.38, but analyses of only the quantum oscillations do not provide a direct probe of the band structure below the Fermi level. In contrast, our observations of the x-dependent negative MR clearly indicate the modulation of the band structure from DSM to trivial insulator through x c .
In We finally discuss the recovery of the positive MR around N = 1 for the x ≦ 0.19 samples. Similar observations have been also reported around the quantum limit in bulk Cd 3 As 2 [11] [12] [13] . It has been recently predicted that even in the regime of chiral anomaly, the spin-splitting of the doubly degenerate LLLs in DSM can yield positive linear MR [33, 34] .
In our (Cd 1−x Zn x ) 3 As 2 films, the appearance of the positive MR around N = 1 is indeed accompanied with the spin-splitting of the Landau levels (Figs. 4(a) and 4(b) ). In Fig.   6 (c), the positive MR exhibits a clear decrease in its magnitude at higher temperatures.
Such a temperature dependence can be explained by blurred spin-splitting due to thermal broadening of the Landau levels, thus supporting that the spin-splitting is the underlying mechanism of the recovery of the positive MR.
In summary, we have studied magnetotransport of (Cd 1−x Zn x ) 3 As 2 thin films up to high fields. The negative MR is systematically suppressed and finally disappears though Zn doping, indicating that the observed MR is ascribed to the chiral charge pumping and the band structure is modulated through the topological phase transition from DSM to a trivial insulator. The recovery of the positive MR at higher fields is related with the spin-splitting of the Landau levels. Our work on the systematic tuning of SOC by Zn doping in the DSM Cd 3 As 2 not only reveals the manifestation of the band structure change in transport measurements, but also paves the way for realizaing more types of transport anomaly theoretically predicted in DSM [16, 17] . 
Charge pumping [19] . The mobility in these films is close to those reported for bulk single crystals (open square, Ref. [20] ). The inset in (e) shows a photo of the film sample patterned into a Hall-bar shape for the magnetoresistance measurements. The scale bar is 100 µm. 
